Traditional methods for studying tree roots are destructive and labor intensive, but available nondestructive techniques are applicable only to small scale studies or are strongly limited by soil conditions and root size. Soil electrical resistivity measured by geoelectrical methods has the potential to detect belowground plant structures, but quantitative relationships of these measurements with root traits have not been assessed. We tested the ability of two-dimensional (2-D) DC resistivity tomography to detect the spatial variability of roots and to quantify their biomass in a tree stand. A high-resolution resistivity tomogram was generated along a 11.75 m transect under an Alnus glutinosa (L.) Gaertn. stand based on an alpha-Wenner configuration with 48 electrodes spaced 0.25 m apart. Data were processed by a 2-D finite-element inversion algorithm, and corrected for soil temperature. Data acquisition, inversion and imaging were completed in the field within 60 min. Root dry mass per unit soil volume (root mass density, RMD) was measured destructively on soil samples collected to a depth of 1.05 m. Soil sand, silt, clay and organic matter contents, electrical conductivity, water content and pH were measured on a subset of samples. The spatial pattern of soil resistivity closely matched the spatial distribution of RMD. Multiple linear regression showed that only RMD and soil water content were related to soil resistivity along the transect. Regression analysis of RMD against soil resistivity revealed a highly significant logistic relationship (n = 97), which was confirmed on a separate dataset (n = 67), showing that soil resistivity was quantitatively related to belowground tree root biomass. This relationship provides a basis for developing quick nondestructive methods for detecting root distribution and quantifying root biomass, as well as for optimizing sampling strategies for studying root-driven phenomena.
Introduction
Roots play key roles in plant and ecosystem functions. Roots provide anchorage, they supply soil-borne resources, modify soil properties and drive rhizosphere phenomena (Gregory 2006) . The extent of soil carbon storage and CO 2 emissions to the atmosphere are strongly related to roots: they represent a carbon sink (Sofo et al. 2005) , and there is experimental evidence for a rhizosphere priming effect, because interactions between soil and roots accelerate soil organic carbon decomposition (Dijkstra and Cheng 2007) . The amount and turnover rate of fine roots are important regulators of biogeochemical cycles and ecosystem responses to global change (Norby et al. 2004) . Coarse roots have been defined as "the most elusive aspect of long-term belowground studies" (Stover et al. 2007 ), because their role in carbon sequestration and long-term root-related behaviors of natural and managed systems is difficult to assess (Norby 1994) . Roots are expected to play a critical role in the response of ecosystems to disturbance (Schmalzer and Hinkle 1991) .
Despite recent technical advances, the detection and quantification of roots continue to be difficult. Destructive methods preclude repeated measurements at the same site (Pierret et al. 2005) and simultaneous determinations of related phenomena on the same soil volume. Furthermore, because destructive methods are labor intensive and time consuming, they are often applied in ways that yield results of low resolution. Also, the absence of information on the spatial distribution of roots often results in poor sampling strategies (Tardieu 1988) , leading to high variability in the root variables measured (Amato and Ritchie 2002) .
The spatial variability of roots is a crucial ecological feature controlling access to soil resources (Amato and Ritchie 2002) and affecting soil reinforcement (Pollen 2007) . Indirect evidence that soil adjacent to roots in undisturbed temperate forests has higher C mineralization rates than bulk soil (Phillips and Fahey 2006) has been substantiated by studies on the priming effects of tree roots in containers (Dijkstra and Cheng 2007) . However, in situ studies on the ecological significance of such findings have been limited by the lack of nondestructive methods for assessing the distribution and amount of roots.
High-resolution methods suitable for detecting spatial distribution of roots have been developed at the laboratory scale in undisturbed containers (Gregory et al. 2003) and in sampled soil sections (Moran et al. 2000) . In situ noninvasive techniques, like ground penetrating radar (Hruska et al. 1999 , Butnor et al. 2001 and differential conductance (Nadezhdina and Èermák 2003) , detect only a part of the tree root system (roots with diameters > 0.5 cm or selected roots based on functionality) and have been applied at the single plant or small plot scale only. Moreover, the ground-penetrating radar technique does not detect vertically oriented taproots beneath the tree trunk-which may represent a large part of belowground stored carbon-unless the tree is cut or the soil volume is explored through boreholes (Butnor et al. 2006) , at the cost of increasing the invasiveness of the technique.
Soil electrical resistivity is a noninvasive geoelectrical technique to investigate soil properties, based on the response of soil materials to the flux of electrical charges (Tabbagh et al. 2000) , and can be used across a range of scales and resolutions. The purpose of soil resistivity tomography is to measure the spatial distribution of soil electrical resistivity, and has been proposed for mapping soils and their properties (Samouelian et al. 2005 ) and for detecting singularities like cracks (Samouelian et al. 2003) or soil structural features at the field and lab scales (Besson et al. 2004) . Electrical resistivity has been applied to the study of structure, moisture and flow in soils and plants (Skaar 1988 , Weihs et al. 1999 , al Hagrey and Michaelsen 2002 , Loperte et al. 2006 , al Hagrey 2007 . Soil electric anomalies that may be related to roots have been found under plants by resistivity tomography (Panissod et al. 2001 , al Hagrey et al. 2004 , Loperte et al. 2006 , al Hagrey 2007 , Morelli et al. 2007 , Lazzari 2008 ), but quantitative relationships between soil resistivity and root traits have not been assessed.
Principles of resistivity tomography
Electrical resistivity (ρ, Ω m), a measure of the ability of a body to limit the transfer of electrical current, is defined in cylindrical geometry as:
where, R is electrical resistance (Ω), S is cross-sectional area of the cylinder (m 2 ) and L is the length of the cylinder (m). Soil resistivity surveys are conducted by applying electric currents to the soil through conductors (electrodes) and measuring the resulting differences in electric potential (voltage) at selected positions in the soil. The distribution in space of voltage differences is a function of the different resistivity of soil volumes (Kearey et al. 2002) . Traditional electrical exploration aims to make qualitative determinations based on the contrast between soil layers, or between the soil matrix and local heterogeneities, deposits, and intrusions of different materials.
Point measurements of soil resistivity require four electrodes (a quadrupole), two for the injection of electric currents (current electrodes) and two for the measurement of differences in electrical potential (potential electrodes). Electrodes may be arranged in different configurations, with potential electrodes placed between current electrodes (as in the Wenner or in the Wenner-Schlumberger configurations) or consecutive to them (as in the Pole-pole or Dipole-dipole configuration). The effects of electrode configuration on resolution, sensitivity and depth of the investigation have been reviewed by Samouelian et al. (2005) . In isotropic media, the current flows radially from the current electrodes into the soil and equipotential lines are hemispherical.
Soil resistivity can therefore be calculated from the difference in electrical potential between the potential electrodes as:
where V is difference in electrical potential (V), K is a geometrical coefficient, depending on the electrode configuration, and I is current (A). The depth of investigation depends on configuration and spacing between electrodes. Two-dimensional (2-D) tomography of the soil medium requires a linear array of electrodes that can be used as current and potential electrodes according to the chosen configuration. The current flow-lines and equipotential distribution vary accordingly. The survey is conducted by measuring resistivity on a single quadrupole of the array at a time. Current injection and voltage recording are moved from one quadrupole to another along the line. All possible qaudrupole spacings along the line are used for measurements, starting from the lowest inter-electrode spacing, corresponding to the distance between two adjacent electrodes, to maximum spacing, determined by the total length of the array.
In heterogeneous media, the current flow lines are deformed and tend to be concentrated in conductive volumes. Resistivities are first calculated according to the theoretical flow-line distribution in isotropic media, and are called "apparent resistivity values." They are attributed to x,z coordinates corresponding to the position along the array (x) and the depth (z) obtained based on the hypothesis of homogeneous current distribution. The 2-D x,z section thus obtained is called a pseudo-section, and z is called a pseudo-depth. Each apparent resistivity value on the pseudo-section corresponds to a soil volume of distorted geometry. One further processing step is needed to obtain the "real resistivity value" and to correctly place it in space. The process is called inversion and requires numerical modeling (Morelli and LaBrecque 1996) with soil discretization in elementary cells. Resistivity data are imaged by attributing values corresponding to each elementary soil volume to a point corresponding to the intersection of two lines passing through the centers of the quadrupoles.
Our objective was to assess the quantitative relationships between soil electrical resistivity and root biomass, and to determine if resistivity tomography could detect the spatial variability of tree roots in the field. We generated a high-resolution 2-D DC resistivity tomogram along a soil transect under woody vegetation in a common alder (Alnus glutinosa (L.) Gaertn.) stand and compared it with intensive destructive measurements of root biomass to assess if electric anomalies corresponded to roots and if the technique could be used to predict root biomass. We showed that soil resistivity is quantitatively related to root biomass and the technique provides a basis for nondestructive spatial detection of root mass in situ, within a time frame compatible with field operations and the need for quick decisions about sampling schemes.
Materials and methods

Data acquisition and processing
The research was conducted at Monticchio (PZ) in southern Italy on a Dystri-Andic Cambisol soil (FAO 1998). Two-dimensional DC resistivity tomography was performed on a soil transect under an alder (Alnus glutinosa) stand. An Iris Syscal Pro 10-channel receiver (IRIS Instruments, Orléans, France) resistivity meter was used, and preliminary trials on different configurations (Dipole-dipole, Wenner and Wenner-Schlumberger) were analyzed with ERT-lab software (Geostudi Astier, Livorno, Italy-Multi-Phase Technologies LLC Sparks, NV). The Wenner configuration was chosen based on three criteria. (1) Lower coefficient of variation of measurements within a single soil volume (e.g., if a quality threshold at 2% coefficient of variation was set, 28% of data were above the threshold in the Dipole-dipole configuration, 7% for the Wenner-Schlumberger and none for the Wenner array). (2) Less data noise in the presence of surface heterogeneities near the electrodes, such as surface roots and stones, because of the higher configuration robustness. (3) Good vertical resolution, which was needed to resolve possible overlapping in gradients of roots and other soil properties (chiefly soil water content) which were expected along the vertical axis. A 48-electrode Wenner alpha array (Samouelian et al. 2005 ) was therefore chosen, with inter-electrode spacing of 0.25 m. Data quality was slightly lower than in preliminary trials but still high and only 2% of the data were discarded because of low quality.
The acquired dataset was processed in the ERT-lab software program by a 2-D finite-element inversion algorithm to solve the forward modeling problem (Morelli and LaBrecque 1996) . The soil was divided into a rectangular mesh of cells of 0.125 m per side with appropriate Dirichlet boundary conditions, and the inversion procedure was based on a least squares smoothness constrained approach where noise is managed by a data-weighting algorithm ) based on Occam's inversion (Constable et al. 1987) . Data acquisition, inversion and imaging were all performed in the field within 60 min. A total of 1264 resistivity values were obtained with the spatial arrangement reported in Figure 1 .
Soil temperature was measured with arrays of T-105 thermoprobes connected to a data logger, and placed 0.6 m off the transect to avoid disturbance, at x = 2, 6 and 10 m, and at the depths of 0.05, 0.15, 0.30, 0.60 and 0.90 m. Resistivity data were acquired at the time of day with the lowest thermal gradient between surface and deep layers, based on measurements over the previous three days. Differences in soil temperature between deep and surface soil layers averaged 3.6°C at the time of measurement without recordable drift during data acquisition, and larger differences in temperature (up to 12°C) were recorded during the day. Resistivity values were corrected for the effect of temperature, based on the temperature recorded at the closest thermoprobe depth for each resistivity value, according to the Campbell equation (Campbell et al. 1948) , as suggested by Samouelian et al. (2005) :
where T is temperature (°C), ρ T is electrical resistivity measured at temperature T, ρ is electrical resistivity at the reference temperature of 25°C, and α is a correction factor of 0.0202.
Soil and roots
Destructive samples were taken to compare soil resistivity with root dry mass per unit soil volume. Soil cores were collected at 0.1-m intervals along the transect, as indicated in Fig cated as the vertical midpoint of each sample (e.g., deepest sample at 1.05-m depth). Samples were taken to the laboratory and weighed, and soil gravimetric water content was measured on a 30-g subsample by weighing before and after drying at 110 °C to constant mass. The remaining soil was weighed and washed over a 0.2-mm square-mesh sieve after clay dispersion with a solution of hexametaphosphate (85%) and sodium bicarbonate (15%) at 10% (w/w) dilution (Amato and Pardo 1994) . Non-root materials were separated manually from the washed samples, and root materials were weighed after drying at 70°C to constant mass. The initial dry mass of the sample was calculated from the fresh mass and its water content. Root dry mass (DM r , g) was divided by the dry mass of soil in each sample (DM s , g), to yield root dry mass per unit soil dry mass (DM r :DM s , g g -1 ). At the 37 positions reported in Figure 1 , the soil was sampled with a bucket auger, transported to the laboratory in airtight containers and used for physico-chemical determinations. Coarse soil fragment content was determined after separation from fine soil particles by sieving on a 2-mm squaremesh sieve. Proportions of sand, silt (0.05 mm) and clay (hydrometer method), the electrical conductivity (of 1:2 (w/w) soil water slurry), organic matter (bichromate method) and water content (oven drying at 110°C) were determined. Soil dry bulk density (BD) was measured on 35 samples by the cylinder method (Blake and Hartge 1986) with 98.125 cm 3 internal volume brass cylinders.
Values of DM r :DM s were multiplied by BD values measured at the closest position to give root dry mass per unit soil volume (root mass density, RMD). Coarse soil fragments, sand, silt, clay, organic matter and water contents were multiplied by BD measured at the nearest position to yield values per unit soil volume.
Model fitting and testing
Pairs of RMD-ρ data were divided into two datasets: all samples used for multiple analyses (soil and RMD) were assigned to Dataset I, and the remaining data pairs were randomly assigned to Dataset I or II. Dataset I consisted of 97 values and Dataset II comprised 67 values. On samples used for multiple analyses, single regression models were fitted and a multiple linear regression was performed to determine the best empirical model relating the measured root and soil properties to ρ.
Dataset I was used to calculate the best-fit regression between RMD and ρ, and to test the significance of the regression of all measured parameters on RMD and ρ. Regression models were compared on the basis of minimization of the sum of square residuals. A logistic equation was chosen and cut at RMD = 0. The regression of RMD on ρ from Dataset I was tested on Dataset II: values of ρ in Dataset I were used to calculate RMD by the logistic model: Figure 2A . Single features, such as a shift in maximum ρ to a depth of about 0.5 m at x = 6 m, and an area of high ρ in deep soil layers between x = 9 and 10 m (Figure 2A) corresponded to parallel variations in measured RMD ( Figure 2B ), and therefore could not be ascribed to artifacts of the imaging procedure.
The regression model between RMD and ρ for Dataset I showed a highly significant positive correlation (P < 0.01, n = 97) ( Figure 3A ). The regression model, which was chosen on the basis of minimization of the sum of square residuals, was a logistic curve cut at RMD = 0 ( Figure 3A ). When applied to Dataset II, the regression equation obtained from Dataset I yielded RMD c values that were highly correlated (P < 0.01, n = 67) with RMD m values ( Figure 3B ), and were not significantly different according to the Wilcoxon signed-rank test.
Among the soil parameters measured along the transect (Table 1), only volumetric soil water content (θ v ) yielded a highly significant correlation with ρ (P < 0.01) but with low r 2 (0.326). The model chosen on the basis of minimization of the sum of square residuals was the quadratic function θ v = 40.94 -0.2988ρ + 0.001106ρ 2 (n = 37). In the multiple linear regression analyses, RMD and then θ v were found to be correlated with ρ, but none of the other soil properties increased the amount of variance explained. Only ρ was correlated with RMD along the transect.
Discussion
A high proportion of the variability in soil resistivity was explained by root density, and the spatial distribution of soil resistivity in the 2-D tomograms corresponded to horizontal and vertical patterns in RMD across the range of RMD values from unrooted soil volumes to areas densely colonized by roots below the tree stand. The overall effect of an increasing presence and amount of plant roots was an increase in soil resistivity in the soil volumes explored.
Ambiguity in interpretation of 2-D tomograms is a limiting factor in all geoelectrical surveys and requires site-specific calibrations. Geometry and spacing of conductors used for current injection and detection determine spatial resolution, and imaging procedures may affect artifact projection (Dahlin and Zhou 2004) . In the case of roots, the reliability of data interpretation is affected by overlapping resistive behaviors of different materials and root-induced soil changes. Table 1 . Soil properties from destructive samples. Abbreviations: ρ, electrical resistivity; θ v , volumetric soil water content; CF, coarse fragments > 2 mm; Sand, particle size 0.05-2 mm; Silt, particle size 0.002-0.05 mm; Clay, particle size < 0.002 mm; OM, organic matter; EC, electrical conductivity; BD, soil bulk density; RMD, root dry mass per unit soil volume; and SD, standard deviation. range from units of 1 Ω m or less for saline water to 10 5 Ω m for permafrost (Palacky 1987) , with the mixture of fine-texture soil materials having ρ values of around 10 Ω m (Panissod et al. 2001 , Besson et al. 2004 , Cassiani et al. 2006 . Responses of the order of 10 Ω m are used to detect variations in clay content (Samouelian et al. 2005) , soil porosity (Besson et al. 2004) and other agronomically significant soil features (Panissod et al. 2001) . Stronger responses, of the order of 10 to 10 2 Ω m are shown for θ v in laboratory and field measurements (McCarter 1984 , Zhou et al. 2001 , Michot et al. 2003 . Soil volumes colonized by roots showed high resistivities, with increases of the order of 10 to 10 2 Ω m, in agreement with reported ρ values for plant materials (Weihs et al. 1999 , al Hagrey 2007 . Therefore the ability to detect roots depends on the high ρ of roots compared with soil materials and other soil features. In the soil transect we studied, the ρ values were dominated by root density, and effects of other soil properties were not large enough to affect the ρ-RMD relationship. Among the soil properties we studied only soil water content was correlated with resistivity along the transect and none was correlated with RMD. The nature of soil materials will play a role in determining whether soil water content or root biomass has a greater effect on electrical resistivity at other sites. However, even in soils where variations in soil water content explain more variance in electrical resistivity than roots, published ρ values of plant materials and the order of magnitude of the response to roots in our study suggest that the effect of woody roots will be detectable if RMD is high enough.
Nevertheless, at low values of ρ and RMD, the effect of roots will fall within the range of values for soil without roots. In our study, when ρ was less than about 40 Ω m, the slope of the curve, data dispersion and the 2-D tomogram (Figures 2  and 3 ) all showed that the resistivity due to roots was difficult to discriminate from that of the background soil materials. A multiregressive approach yielded no significant improvement in the sensitivity of the technique at our study site.
Even when roots dominate soil electrical behavior, calibration is necessary to exclude other confounding factors that give rise to high ρ values, e.g., rocks (Palacky 1987) The effect of temperature on soil resistivity must also be considered when carrying out quantitative analyses, because temperature gradients large enough to affect the ρ-RMD relationship may develop. For example, in our study, where the vertical thermal gradient was only 2.6°C, ρ determined without temperature correction was 80.9% higher at the top of the soil profile than at the bottom, 91.2% with a temperature correction based on the highest temperature along that profile as a reference, and 93.4% with a temperature correction based on 25°C as a reference, with consequent deformation of the ρ-RMD relationship.
Soil water content showed a nonlinear inverse relationship with ρ. Other inverse relationships with resistivity or direct relationships with its reciprocal, electrical conductivity, are reported in the literature, derived from the work of Archie (1942) on porosity and saturation dependence of electrical conductivity, or more recently from continuum percolation theory applied to fractal porous media (Hunt 2004 ) as well as nonlinear functions of saturation alone (Ewing and Hunt 2006) with parameters having physical meaning. Linear relationships have been proposed by Goyal et al. (1996) and Gupta and Hanks (1972) . Field studies confirm the inverse nature of soil water-ρ relationships (e.g., Michot et al. 2003 , Loperte et al. 2006 , al Hagrey 2007 , Lazzari 2008 ) and the amount of variability explained by soil water content in such studies is quite variable. Effects of soil water on resistivity are due to the nature of the electric currents in soil, which are chiefly electrolytic and therefore linked to the displacement of ions in porewater (Samouelian et al. 2005) and are strongly related to dissolved ions. Other factors play a role and are mainly related to pore-space fraction and clay content. Such factors are variously explicitly taken into account (Rhoades et al. 1976) , partly or totally included in equation parameters (Archie 1942) , or left as part of the error.
The amount of variance explained by a θ v -ρ model depends on the other factors included, on correct site-specific derivation of parameters (al Hagrey 2007) and on values of omitted factors such as soil clay content (e.g., Archie 1942 , al Hagrey 2007 and other soil properties with a strong effect on ρ. In our study, the limited amount of variance explained by the θ v -ρ regression is unlikely to be due to clay content, which was higher than 20% in only a few samples, but rather to the presence of tree roots, which have a large effect on ρ. In our study, the error included soil spatial variability, because samples were taken from different locations along the transect, whereas relationships with high r 2 values reported in the literature were often developed at the same locations during wetting or drying cycles (e.g., Roberts and Lin 1997 , Michot et al. 2003 , al Hagrey 2007 and therefore are not comparable with our data. Variations in soil water content imply variations in other soil physical properties linked to electrical resistivity, chiefly soil temperature, which is controlled in laboratory experiments. Confounding thermal effects on soil water content are likely to play a role in field studies if temperature corrections are not made. Because gradients of soil temperature and soil water content are likely to develop more strongly in the vertical dimension, thermal effects will not necessarily show as deviations from the θ v −ρ regression line. Rather, a monotonic variation in soil temperature and soil water content in the same direction may result in amplifications or compressions of the resistivity range. Because RMD gradients are usually strong in the vertical direction, soil-water-induced thermal effects may alter the ρ-RMD relationship. In our study, the correction for temperature discounted such effects.
Information obtained by 2-D resistivity tomography was related to both qualitative (position and distribution) and quantitative (biomass) root features. Other noninvasive geophysical techniques like ground-penetrating radar are strongly limited by soil texture, position of roots relative to tree trunks and soil properties that affect signal penetration (Butnor et al. 2001) , and therefore are less compatible with many field conditions. Also, studies based on ground-penetrating radar are often qualitative or only semi-quantitative (Barton and Montagu 2004) . The advantages of DC resistivity tomography include the speed of processing (60 min after selecting the transect, in-cluding data acquisition, resistivity inversion and imaging) and the unlimited signal penetration throughout the root zone making it an ideal tool for the spatial optimization of measurements in ecological studies linked to the presence of plant roots. Information on the spatial structure of root features is available at all locations regardless of root position relative to aboveground plant structures and within a time-frame compatible with field operations and the need for quick decisions about sampling.
In conclusion, the quantitative relationship between root biomass and soil resistivity provides a basis for the development of resistivity-based methods for the nondestructive spatial detection of root mass in situ. Such techniques could provide the information needed to understand plant behavior (Amato and Ritchie 2002) and to make informed decisions on soil and plant management (Basso et al. 2007 ). The strong effect of root biomass on soil resistivity shown in our study implies that the effects of roots must be taken into account when interpreting and calibrating soil resistivity data for other purposes.
